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 Ψti(q, F ) 	 ¡ ¡ ¡ q ¡ 	~~  
¢ { ¢½{ 	 { ~ ½¢ { ¢½
~~{º {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  Qti ∈ [Qmin − qmin (N − i), Qmax − qmax (N − i)] 	  
        
   	 	  (QT ∈ [Qmin, Qmax]) 
 	  
  		  
	      	    K  	   
   
   	       

    1    	
qti = qmax 1Fti>K + qmin 1Fti≤K .
 
  Qti + qmin (N − i) ≥ Qmax        
   	 

  	  P ′(QT ) = −A 
 	   	   F (ti, T ) = E (FT |Fti) 	 
 
   
    	   
   
    2    	
qt = qmax 1e−rti(Fti−K)−A e−rT F (ti,T )>0
+ qmin 1e−rti(Fti−K)−A e−rT F (ti,T )≤0
.
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  Qti + qmax (N − i) ≤ Qmin      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 	  
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	  P ′(QT ) = B 
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	
qt = qmax 1e−rti(Fti−K)+B e−rT F (ti,T )>0
+ qmin 1e−rti(Fti−K)+B e−rT F (ti,T )≤0
.
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6< 67 97? Ê = A7J ;9 A F6C67?AB 67;?B: 9CA;697 9o ;I? o9EB 7?AB?<; 7?68IF 9B< =
9;I?B5 6<? K
  O  UY\ YXUY/[ /  X0X\,U,02
 6;I ;I6< :ABAD ?;?B6A;697 = ;I? oE7H;697 J (θ) ;9 D Ab6D 6? 6< 79; <D 99;I = A7J A <: ?H6rH
9:;6D 6A;697 :B9 H?JEB? IA< ;9 F ? HABB6?J 9E; K
467H? :ABAD ?;?B<
θ
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K vI?
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A7J
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= (θ1, . . . , θj0 − ε, . . . , θd)
K vI? AC89B6;ID
HA7 F ? J?<HB6F ?J A< o9CC95 < K
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;I? ?D:6B6HAC <;A7JABJ J?{6A;697 9o
X
H9D:E;?J 5 6;I ;I6< <?;
9o :A;I< K
 
 I6C? Ĵ (θ) 6< 6D:B9{?J
∗ @9D:E;? ;I? ?D:6B6HAC D ?A7 9o Ĵ (θ) E<678 ;I6< <?; 9o :A;I< K
∗ 9B ?AHI :ABAD ?;?B H99BJ67A;? θj0
· 6o Ĵ (θ+j0) − Ĵ (θ) > 1.65 × σ̂(J (θ+j0) − J (θ))
9B
· 6o Ĵ (θ−j0) − Ĵ (θ) > 1.65 × σ̂(J (θ−j0) − J (θ))
HIA78? ;I? {ACE? 9o
θj0
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• l → l + 1 K
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:ABAD ?;?B< H9D:E;?J 5 6;I ;I6< AC89B6;ID J9 79; J?: ?7J 97 ;I? 676;6AC <?; 9o :ABAD ?;?B< K
EB;I?BD 9B? = 79 C9 HAC D Ab6DED :I?79D ?797 IA< F ??7 79;6H?J K vI? pEAC6;l 9o B?<EC;<
D A67Cl J?: ?7J< 97 ;I? o9B5ABJ HEB{?< K  6;I A
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<;?:< wH9BB?<: 97J678 ;9 A D Ab6DED <?; 9o _)^
^^^ J6n ?B?7; <6DECA;697<y A7J ]  H97rJ?7H? 67;?B{AC< K
9B5ABJ HEB{? 46? 9o 8B6J Ĵ 9B?<; 9o ;B??<
B?AC
4 × 4 4565 ± 25 x  ÊÊ
B?AC
10 × 10 4578 ± 25 x  ÊÊ
|A;
4 × 4 2696 ± 23 ) Ê 
|A;
10 × 10 2692 ± 23 ) Ê 
 X\ W, O 3 2U/0X, T/[U0XTU  vI?<? B?<EC;< D A67Cl J?: ?7J 97 ;I? HI96H? 9o
ε
A7J ;I?
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8B95 < = D Al F ?
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9B5ABJ HEB{? 46? 9o 8B6J Ĵ 9B?<; 9o ;B??<
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  gdj 	i
kgd
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9o ;I? Jl7AD 6H :B98BADD 678 ?pEA;697 A7J ;IE< = C?AJ ;9 AHHEBA;? {ACEA;697< 9o ;I? 45 678
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FA<?J 97 B?C?{A7; :ABAD ?;?B6A;697< 9o ;I? H97<ED:;697 K vI?<? 7?5 D ?;I9J< HA7 AC<9
IA7JC? DEC;6GoAH;9B D 9J?C< K > 9B?9{?B = E7C6m? ;I? :B?{69E< 97?< = ;I?l IA{? ;I? AJ{A7;A8?
;9 86{? 67;?BD ?J6A;? :B6H?< ;IB9E8I9E; ;I? 9:;6D 6A;697 <;A8? K
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   	 
                    !  "#$%  &  "%'    & %(# )]
9o FA78GFA78 ;l: ? K vI? rB<; :ABAD ?;B6H D ?;I9J 6< FA<?J 97 A 7?EBAC 7?;59Bm = 5I6HI
HA7 A<lD:;9;6HACCl B?:B9JEH? ;I? FA78GFA78 F ?IA{69B K vI? 9F~ ?H;6{? oE7H;697 6< <D 99;I
5 KB K; K :ABAD ?;?B< A7J 8BAJ6?7; <;9 HIA<;6H D ?;I9J< HA7 F ? E<?J o9B ;I? 9:;6D 6A;697 K vI?
B?<EC;< AB? pE6;? <A;6<ol678 K vI? <?H97J :ABAD ?;B6H D ?;I9J J6B?H;Cl D 9J?C< ;I? FA78GFA78
;IB?<I9CJ A< A oE7H;697 9o ;I? ;6D ? A7J ;I? HEDECA;6{? H97<ED:;697 K vI6< <??D < ;9 F ?
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   fg g  g  gf    
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q(.)
F ? A7 9:;6D AC H97;B9C A7J
q̄(.)
A7 AJD 6<<6F C? H97;B9C 67
[qmin, qmax]
K 9B
ε ∈ [0, 1] =





qti + ε (q̄ti − qti) j = i,
qtj j 6= i.
vI? 9F~ ?H;6{? oE7H;697 H9BB?<: 97J678 ;9
qε
6< 86{?7 Fl













6< 9:;6D AC = 5? 8?; J (qε) ≤ J (q) = o9B ?{?Bl ε ∈ [0, 1] = A7J ;I?B?o9B? ∂J (qε)
∂ε
|ε=0 ≤ 0.

















e−rti(Fti −K) + E
(
e−rTFTP
′(QT )|Fti , Qti
)]}
≤ 0.
vI? AF 9{? 67?pEAC6;l I9CJ< ;BE? o9B ACC AJD 6<<6F C? H97;B9C
(q̄tj )j
= ;IE< 67 :AB;6HECAB o9B
q̄tj = qtj + (q − qti)1λti>01i=j
= 5I?B?
Hti = e
−rti(Fti −K) + E
(
e−rTFTP
′(QT )|Fti , Qti
)
A7J
λti = (q− qti)Hti
w
q ∈ [qmin, qmax]





≤ 0. q7 9;I?B
59BJ< =
λti




e−rti(Fti −K) + E
(
e−rTFTP
′(QT )|Fti , Qti
)]
≤ 0,∀ q ∈ [qmin, qmax],
A7J ;I? J?<6B?J B?<EC; o9CC95 < A; 97H? K
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